Carbohydrate-aromatic interactions are highly relevant for many biological processes.
INTRODUCTION
Molecular interactions between biomolecules rule most of the biological processes inside the cell. A detailed understanding of these interactions provides information on these processes, and also allows their exploitation in a variety of applications such as in protein engineering or drug design. Stacking between aromatics is among the most studied interactions, whereas full comprehension of carbohydrate-aromatic stacking interactions is still to be reached.
1 This binding-motif is commonly found in carbohydrate-protein interactions such as in lectins 2 and is also found in aminoglycoside-RNA recognition. 3 Approaches to study carbohydrate-aromatic stacking interactions include molecular biology tools, 4 NMR spectroscopy, 5 IR spectroscopy, 6 computational methods, 7 and model systems based in supramolecular architectures 8 or in biomolecules. 9 These studies have revealed that the hydrophobic effect and CH-p interactions comprising dispersion and electrostatic forces play a critical role. A recent work by Chen et al. 10 has used an enhanced aromatic sequon (sequence of amino acids with an attached oligosaccharide) to study the relative contributions of each of these forces. The authors have found that the hydrophobic effect contributes significantly to carbohydrate-aromatic stacking and is supplemented by CH-p interactions with a dominating dispersive component.
A model based on carbohydrate oligonucleotide conjugates (COCs) has been employed by our group to study carbohydrate-aromatic stacking interactions. We calculated monosaccharidephenyl interactions using a double dangling motif at the 5'-end of a self-complementary CGCGCG sequence. 11 Energies of -0.15 to -0.4 kcal mol -1 were found depending on the stereochemistry and number of hydroxyl groups of the sugar. We have also observed mono-and disaccharide stacking on top of DNA base pairs in COCs where the sugar is directly linked to the 5'-end to DNA via an ethylene glycol spacer. 12 Extra stabilization of the DNA duplex due to sugar stacking was observed on sequences with terminal C-G and G-C base pairs (e.g. up to -0.25 kcal mol -1 for glucose/DNA unit and -0.45 kcal mol -1 for cellobiose/DNA unit). However, no stabilization was found on top of terminal A-T or T-A base pairs most probably due to the enhanced entropic cost of reducing the breathing of these more flexible terminal pairs.
In an effort to increase the energetics of carbohydrate-DNA stacking, we synthesized
COCs containing hydrophobic versions of natural sugars (permethylated glucose or cellobiose) at the edge. 13 In this case, the stability of the DNA double helix increased significantly (e.g. up to -0.8 kcal mol -1 for glc(Me)/DNA unit and -0.9 kcal mol -1 for cellob(Me)/DNA unit). Additionally, these apolar carbohydrates were able also to stabilize dsDNA with A-T or T-A terminal basepairs. We postulate that CH-p interactions together with the higher hydrophobicity imparted by the methyl groups are responsible for duplex stabilization.
In this work we decided to deepen on understanding carbohydrate-DNA stacking interactions by studying three different groups of carbohydrates in our dangling end COC model ( Figure 1 ). First, we studied a group of COCs containing natural monosaccharides 5-8 (rhamnose, xylose, N-acetylglucosamine and glucuronic acid) to explore the relevance of other functionalities on the pyranose. Second, the influence on carbohydrate-DNA stacking of increasing hydrophobicity in the pyranose unit was studied with a series of COCs with partially hydrophobic glucose units 9-12. We have observed in the NMR structures of permethylated glucose-DNA conjugates ( Figure 2 ) that one or two methyl groups apparently do not participate contacting the DNA base pair during stacking. The question arising was whether a gradual increase in hydrophobicity of the sugar will gradually increase stacking or whether the hydrophobic area contacting the aromatic DNA bases will be more determinant. Finally, we selected a group of COCs with fluorinated sugars 13-17 in order to study the influence of this electron-withdrawing group in the stacking interaction. At the same time, the reduced hydrophilicity upon OH®F change could also have a role in the carbohydrate-DNA interactions. 
RESULTS AND DISCUSSION

Synthesis of carbohydrate-oligonucleotide conjugates.
The preparation of carbohydrate-oligonucleotide conjugates was carried out using standard solid phase automated oligonucleotide synthesis as reported previously. [11] [12] Different monosaccharides were attached via an ethylene glycol spacer to the 5'-end of the selfcomplementary CGCGCG sequence using the corresponding protected carbohydrate phosphoramidite derivatives. Their synthesis was carried out by glycosylation of the spacer followed by standard phosphoramidite preparation (Scheme 1). In the case of the rhamnose, xylose and 6-deoxyglucose, their sugar phosphoramidites 20, 23 and 26 were synthesized by attachment of ethylene glycol by Koenigs-Knorr glycosylation with the corresponding acetobromosugars. 11, 14 The promoter used was silver carbonate and the isolated yields were between 44 to 83% (Scheme 1). Reaction of the obtained alcohols with 2-cyanoethyl-N,N'-diisopropylamino-chlorophosphoramidite in the presence of base resulted in the carbohydrate phosphoramidite derivatives 20, 23, and 26 in high yields (75-90%).
The N-acetylglucosamine phosphoramidite 31 was synthesized by glycosylation of 2-benzyloxyethanol with acetobromo N-phthalimide glucose 27. 15 Next, phthalimide deprotection with methylamine in THF and acetylation yielded the corresponding N-acetamido derivative 29.
Finally, hydrogenation of the benzyl protecting group and phosphoramidite incorporation produced GlcNAc derivative 33. Glucuronate methyl ester phosphoramidite 35 was synthesized from the corresponding trichloroacetimidate glycosyl donor 32. 16 When ethylene glycol was used as the glycosyl acceptor very low yields of glycosylated product were obtained. Then, 2-benzyloxyethanol was reacted with 32 to give 33 (30% yield) and subsequent hydrogenation resulted in alcohol 33 (46% yield). Synthesis of the corresponding phosphoramidite compound 35 was carried out as described above. Several mono-and difluorinated carbohydrate phosphoramidite derivatives were synthesized from the corresponding acetylated a-bromide compounds (Scheme 3). 18 Again classical Koenigs-Knorr glycosylation was used and the alcohol derivatives were obtained in moderate to good yields (44-78%). The phosphoramidite derivatives of 3-fluoro-3-deoxy-glucose 47, 4-fluoro-4-deoxy-glucose 50, 6-fluoro-6-deoxy-glucose 53, 4-fluoro-4-deoxy-galactose 56 and 4,6-difluoro-4,6-dideoxy-galactose 59 were synthesized using the same reaction conditions used previously.
After standard solid phase automated oligonucleotide synthesis, the resulting carbohydrate oligonucleotide conjugates were cleaved from the resin after automatic DNA synthesis, deprotected with ammonia, HPLC purified and characterized by MALDI-TOF mass spectrometry (sup inf). In the case of glucuronic acid DNA conjugate 8, preliminary treatment with Na 2 CO 3 in
MeOH for 24 h was carried out followed by normal treatment with ammonia and HPLC purification. Energetics of carbohydrate-DNA interactions.
DNA duplex stability was measured by UV-monitored thermal denaturation experiments in a pH 7.0 phosphate buffer containing 1 M NaCl. Thermodynamic parameters were calculated from melting curve fitting and from van't Hoff plots (1/Tm versus ln[conjugate]). 4a,19 Thermodynamic parameters for the carbohydrate-oligonucleotide conjugates containing natural sugars at the 5'-end 1-8 are shown in Table 1 . We observed previously that the presence of glucose, galactose and fucose at the edge stabilized the DNA duplex by 3.1-3.5 ºC and by 0.3-0.6 kcal . mol -1 . 12 DNA stabilization by xylose and N-acetylglucosamine is in the same range as for the previous monosaccharides whereas rhamnose and glucuronic acid are less stabilizing possibly due to the presence of an axial OH and a negative charge in the pyranose, respectively. In the series of hydrophobic glucose DNA conjugates 9-12, all carbohydrates increased DNA stability with respect to the natural glucose DNA conjugate 2 ( It is interesting to observe that the large increase in DNA stability from the dimethylated glucose does not correlate with the gradual increase in hydrophobicity in this series as can be deduced from the log P values of the glucose derivatives (Table 3 ). In fact, it does not correlate either with the increase in surface area of the apolar sugars. We estimated the actual surface area buried as the result of the sugar stacking on top of the C-G final DNA base pair for each of the glucose derivatives. A good correlation between the buried surface and the DNA stability is found since adding a third and fourth methyl groups to the glucose unit does not increase the stacking area in the conjugate but slightly reduces it. This seems to indicate that the free energy of the conjugate is also directly related with the number of water molecules displaced by the hydrophobic carbohydrates from the area of contact with the DNA base pair and not with the hydrophobicity of the carbohydrates. A similar result was found by Kool et al. when studying p-p aromatic interactions with nonpolar DNA bases (e.g. benzene, naphthalene, pyrene, etc.) at the edge of dsDNA. 20 Log P values were a poor predictor of stacking interaction whereas surface area of overlap (buried surface by aromatic stacking) was a much better predictor. Table 4 ). The incorporation of one or two electron-withdrawing agents such as fluorine atoms in the pyranose could modify CH-p interactions between the pyranose ring and the aromatic DNA bases, but this effect seems to have little influence in the carbohydrate-aromatic stacking interaction observed.
These results fit well with those obtained recently by Asensio et al. 22 in a dynamic combinatorial approach using a disaccharide model system the authors observe a minor strengthening of the carbohydrate/aromatic forces by incorporating electron-withdrawing substituents at the anomeric position (-F or -CH 2 CF 3 ).
If we consider the relevance of stereochemistry of fluorosugars in the interaction with the DNA base pair, for example by comparison of 4-fluoroglucose (4FGlc) and 4-fluorogalactose (4FGal), we observe a similar situation to that found when comparing glucose and galactose.
Possibly, a fluorine atom pointing to the electron-rich p-cloud of the aromatic ring (4FGal) is not a favorable scenario in comparison with a partially polarized proton at the same position in 4FGlc.
Finally, a couple of explicit comparisons between the three groups of monosaccharides may yield some information on the relevance of different modifications in the carbohydrate when stacking with DNA bases. If we compare glucose, 6-deoxyglucose and 6-fluoroglucose, we observe that replacement of the 6-OH with a proton or a fluorine atom yields only a small increase in stability probably due to the small decrease in hydrophilicity with this modification.
In contrast, a large difference in energetics is observed between 4,6-difluorogalactose and 4,6-dimethyl-glucose (the latest 1.0 kcal 
Structural features of carbohydrate oligonucleotide conjugates.
As in previous NMR studies in related systems, [12] [13] no distortion of the DNA double helix due to the presence of the fluorinated carbohydrates is observed. Two dimensional NMR spectra were recorded for conjugates 13 to 16. Complete resonance assignment was performed and we found significant chemical shift differences with the control duplex only for some protons of the terminal base pair. Observed NOEs between the sugar units and the terminal C-G base pair were very similar to those observed for the corresponding non-fluorinated natural sugars.
Consequently, we conclude that the structures of the fluorinated conjugates are very similar to those previously reported previously, and no further modeling was carried out.
CONCLUSION
Evaluation of stacking of natural monosaccharides on top of a DNA base pair in water using our COC model system have shown small differences due to changes in sugar stereochemistry and to the presence of typical functional groups such as N-acetyl or carboxylic acid in the pyranose ring. At the same time, replacement of a hydroxyl group with a fluorine atom should increase -CH-polarization and local hydrophobicity but none of these aspects showed large differences on stacking of the carbohydrate derivatives. Finally, increasing the hydrophobicity of the sugars through methylation exhibited a considerable enhancement in carbohydrate aromatic stacking. Nevertheless, it is important to emphasize that energetics seem to correlate better with the amount of surface contact area between the carbohydrate and the aromatic DNA base pair than with a net increase in sugar hydrophobicity. These results appear to point out to the relevance of the number of water molecules displaced from the surface of contact between the carbohydrate and the aromatics. frequency was kept at the water resonance. Data were processed using manufacturer software, raw data were multiplied by shifted exponential window function prior to Fourier transform, and the baseline was corrected using polynomial fitting.
Synthetic procedures.
General procedure for glycosylation of ethylene glycol. Ag 2 CO 3 (1.7 g, 6.25 mmol) was added to a solution of the acetyl protected glycosylbromide (2.5 mmol) and ethylenglycol (1.3 mL, 25 mmoL) previously dried over molecular sieves, in anhydrous CH 2 Cl 2 (10 mL). The reaction was stirred for 24 h, the mixture was then filtered over celite and washed with CH 2 Cl 2 . The solvent were removed and the crude was purified by flash column chromatography (hexane: ethyl acetate mixtures) to afford the corresponding glycosylated ethylene glycol. 
2-Hydroxyethyl
2,3,4-tri-O-acetyl-b-L-rhamnopyranose (19). 2,3,4-Tri-O-acetyl-a-L- rhamnopyranosyl
2-Hydroxyethyl 2,3,4-tri-O-acetyl-b-D-xylopyranose (22
2-Hydroxyethyl 2,3,4-tri-O-acetyl-b-D-6-deoxyglucopyranose (25
2-Benzyloxyethyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-b-D-glucopyranose (28
2-Hydroxyethyl 3,4,6-tri-O-acetyl-2-acetylamino-2-deoxy-b-D-glucopyranose (30
2-Hydroxyethyl-(methyl 2,3,4-tri-O-acetyl-b-D-glucopyranosyluronate) (34
2-Benzyloxyethyl 6-tert-butyldiphenylsilyl-b-D-glucopyranose (37). Dimethylaminopyridine
(catalytic amount) and triethylamine (0. 476 mL, 4.64 mmoL) were added to a cooled solution of 2-benzyloxyethyl b-D-glucopyranoside 36 13 (1.325 g, 4.22 mmol) in anhydrous DMF under argon atmosphere. Then tert-butyldiphenylsilyl chloride (1.21 mL, 4.64 mmoL) was slowly added to the mixture and the reaction was left to at room temperature until starting material had disappeared in 1h. Ethyl acetate (300 mL) was then added to the mixture and the organic layer was washed with brine (2x100 mL), dried with anhydrous Na 2 SO 4 and concentrated to dryness. 
2-Benzyloxyethyl 2,3,4-tri-O-methyl-6-tert-butyldiphenylsilyl-b-D-glucopyranose (38). Sodium
hydride (1.25g, 60% conc., 30.8 mmol) was slowly added to a cooled (0ºC) solution of 2-benzyloxyethyl 6-O-tert-butyldiphenylsilyl-b-D-glucopyranose (37) (2.13 g, 3.86 mmol) in anhydrous DMF (20 mL). After stirring at 0ºC for 10 min under argon atmosphere, methyl iodide (3.6 ml, 58 mmol) was added and the reaction was left to process overnight at room temperature.
The reaction was quenched with 2-propanol and treated with 50mL sat. NH 4 Cl. The aqueous layer was extracted with ethyl acetate (2x 50 ml). 
2-Benzyloxyethyl 2,3,4-tri-O-methyl-6-O-acetyl-b-D-glucopyranose (39). TBAF (1M in THF,
4.38ml, 4.38 mmol) was slowly added to a solution of 2-benzyloxyethyl 2,3,4-tri-O-methyl-6-O-
tert-butyldiphenylsilyl-b-D-glucopyranose (38) (1.3 g, 2.19 mmol) in anhydrous THF (10 mL).
The reaction was stirred for 90 min under argon atmosphere at room temperature. 50 mL of CH 2 Cl 2 were added to the reaction mixture and the organic layer was then washed with brine and NH 4 Cl, dried with anhydrous MgSO 4 and concentrated to dryness. The crude was purified by silica gel column chromatography using as eluent (hexane:ethyl acetate, from 1:2 to 1:4) to give 2-benzyloxyethyl 2,3,4-tri-O-methyl-b-D-glucopyranose (650 mg, 1.83 mmol, 83%) as a white solid. The product was then solved in anhydrous pyridine (10 mL) and acetic anhydride (1.38mL, 14.6 mmol) and dimethylaminopyridine (catalytic amount) was added to the reaction mixture.
The reaction was left to process overnight at room temperature under argon atmosphere. CH 2 Cl 2 was then added to the reaction mixture (50 ml) and the organic layer was washed with brine and 
2-Hydroxyethyl 2,3,4-tri-O-methyl-6-O-acetyl-b-D-glucopyranose (40)
.
2-Hydroxyethyl 2,3-di-O-acetyl-4,6-di-O-methyl-b-D-glucopyranose (43).
HBr (2 mL, 33% in General procedure for synthesis of carbohydrate phosphoramidites. To a solution of 2-hydroxyethyl acetyl protected carbohydrate (0.5 mmol) in dry CH 2 Cl 2 (5 mL), DIEA (0.35 mL, 2.0 mmol) and 2-cyanoethyl-N,N'-diisopropylamino-chlorophosphoramidite (0.174 mL, 0.76 mmoL) were added at room temperature under argon atmosphere. After 1h the solvent was evaporated to dryness. The product was purified by silica gel column chromathography using a mixture of hexane, ethyl acetate and triethylamine.
2-Hydroxyethyl 2,4,6-tri-O-acetyl-3-deoxy-3-fluoro-b-D-glucopyranose (46
2-Hydroxyethyl 2,3,6-tri-O-acetyl-4-deoxy-4-fluoro-b-D-glucopyranose (49)
2-Hydroxyethyl 2,3,4-tri-O-acetyl-6-deoxy-6-fluoro-b-D-glucopyranose (52)
2-Hydroxyethyl 2,3,6-tri-O-acetyl-4-deoxy-4-fluoro-b-D-galactopyranose (55)
2-Hydroxyethyl 2,3-di-O-acetyl-4,6-dideoxy-4,6-difluoro-b-D-galactopyranose (58)
2-(2,3,4-tri-O-acetyl-b-L-rhamnopyranosyloxy)ethyl (2-cyanoethyl) (N,N-diisopropyl)
phosphoramidite (20) . 
2-(2,3,4-tri-O-acetyl-b-D-xylopyranosyloxy)ethyl (2-cyanoethyl) (N,N-diisopropyl)
phosphoramidite (23 
2-(2,3,4,-tri-O-acetyl-6-deoxy-b-D-glucopyranosyloxy)ethyl (2-cyanoethyl) (N,N-diisopropyl) phosphoramidite (26
2-(3,4,6-tri-O-acetyl-2-acetamido-2-deoxy-b-D-glucopyranosyloxy)ethyl (2-cyanoethyl) (N,Ndiisopropyl) phosphoramidite (31
2-(2,3,4-tri-O-methyl-6-O-acetyl-b-D-glucopyranosyloxy)ethyl (2-cyanoethyl) (N,N-diisopropyl) phosphoramidite (41). 2-Hydroxyethyl 2,3,4-tri-O-methyl-6-O-acetyl-b-D-glucopyranose 40
(165 mg, 0.535 mmol) was reacted following the general procedure. to 12 were built from the solution structure of the permethylated conjugate 12 determined in a previous study. 13 The computer package Sybyl was used to perform the adequate -CH 3 to -OH substitutions. The coordinates were energy minimized before surface area calculations. Models of the "open" conjugates were built by manually changing the torsion angles of the linking phosphate to locate the carbohydrate in a position where it is completely exposed to the solvent. 
2-(
2,3-di-O-acetyl-4,6-di-O-methyl-b-D-glucopyranosyloxy)ethyl (2-cyanoethyl) (N,N- diisopropyl) phosphoramidite (44). 2-Hydroxyethyl 2,3-di-O-acetyl-4,6-di-O-methyl-b-D-
